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Abstract

The textile dyes Reactive Black (RBS5) and Basic Yellow 28 (BY28) were individually
exposed to electrochemical treatment in 0.1 M KOH and in phosphate buffer solution
pH 5.1, respectively. The cathodic decolorization of the azo dye RB5 was carried out
using a Ni-polyvinylchloride composite. The methine dye BY28 was anodically treated
on a Co-polyvinylchloride. The electrochemical study of the dye solution was carried
out by repetitive cyclic voltammetry (RCV) under potentiostatic conditions in stationary
and flow regime. The effect of various experimental parameters, such as potential and
electrolysis time was investigated. The studies showed that for the RB5 (20 to 80 ppm)
dye solutions, around 98 % of the color was removed after 60 min treatment at -3.0 V
vs. SCE. It was also demonstrated that for the BY28 (15 ppm) dye solution, 6-10 cycles
or low potentials (-300 mV) during 200 min electrolysis were sufficient for the
decolorization of the solution. However, COD and TOC values did not decrease.

Keywords: electrochemical treatment, degradation, decolorization.

Introduction

A large variety of synthetic organic dyes is discharged into the effluents during
their production and fabrics manufacturing process. At the same time, dye
molecules are very visible in wastewaters due to their strong color at very low
concentrations and in consequence, the color is one of the most obvious
indicators of water pollution. The environmental damage of colored effluents is
associated with their toxicity. This has motivated many studies in the last decade
toward the development of new processes for the removal of color and organic
load from the contaminated effluents. The treatment of colored wastewater is
commonly carried out using biological [1-5] and physico-chemical methods [6-
13]. The use of electrochemical techniques for the study and removal of color

" Corresponding author. E-mail address: mdavila@siu.buap.mx



M.A. Méndez et al. / Portugaliae Electrochimica Acta 26 (2008) 89-100

and organic load from model colored solutions [13-32] and industrial wastewater
has received great attention in the last years [3, 14-31]. Commonly, the
electrochemical technology used to remove color utilizes consumable materials
with diverse composition, or non-soluble anodes [6-11, 13]. Nevertheless, the
performance of non-conventional electrodes as metal-polymer can also be
explored. We have reported that the composites metal-polymer can be used as
electrodes for electrochemical studies [32-37]. In particular, the dyes Reactive
Black 5 and Basic Yellow 28 are among the most commonly used dyestuffs to
dye cotton and polyacrylonitrile, and are therefore common industrial pollutants.
Our present study provides results describing the electrochemical decolorization
of RB5 and BY28 on metal-polymer composites.

Experimental

Material and reagents

Reactive Black 5 (RB5) of chemical purity grade (dye content ca. 55 %) was
obtained from Sigma-Aldrich (St. Louis, MO. USA) and Basic Yellow 28
(BY28) was purchased from Orca de Mexico. The molecular structure of each
dye is given in Table 1. They were used as received.

Phosphates buffer and KOH used as the supporting electrolyte were analytical
grade reagents from J. T. Baker Chemicals (Phillisburg, NJ, USA). Dyes
solutions were prepared with ultra-pure water obtained from a Milli-Q system
from Millipore (Joffrey, New Hamshire, USA). Ni and Co powder (2.2 — 3.2 um)
from Alfa Aesar and polyvinylchloride (PVC) from Fluka were used for the
preparation of the composites Ni-PVC and Co-PVC. An excess of Ni or Co
metallic powder was dispersed in a solution of PVC, using the necessary and
minimum amount of THF to obtain a paste [34, 37].

Electrochemical measurements

Voltammetric and electrolysis measurements were made with a
potentiostat/galvanostat Volta Lab PGZ301. A three- electrode system was
utilized, where Ni-PVC, Ni-foil and Co-PVC (1 c¢cm?®) were used as working
electrodes and a cylindrical Ni wire mesh (50 cm®) as auxiliary electrode. For the
electrochemical measurements of the RB5 and BY28 dye solutions a saturated
calomel electrode (SCE) and Ag/AgCl (3 mol L") were used as reference
electrodes, respectively. The cathodic decolorization experiments for the RBS5
dye solutions were carried out by repetitive cycling potentials in the potential
range from 0 to -3.0 V at 30 mV s and also in potentiostatic conditions at
different cathodic potential values. During these experiments the dye solution
was stirred vigorously by a magnetic stirrer. In the case of the BY28 dye
solutions, the electrochemical measurements were run in a plug-flow cell, with a
Co-PVC electrode as anode. The cell (50 mL) consisted of a cylindrical, jacketed
reaction kettle with one upper and one lower tubulation for pump tubing. A
peristaltic pump Spetec Perimax 12 was utilized to produce a continuous
circulation at 3 mL min™ into the electrolysis cell. Before the electrochemical
studies, the solutions were deareated by passing pure nitrogen gas through it for
about 30 min and thereafter, a blanket of nitrogen gas was maintained throughout
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the experiment. During the degradation test, the decolorization extent and dye
concentration was followed by spectrophotometry using a Beckman DU 7500
spectrophotometer. Chemical oxygen demand (COD) and total organic carbon
(TOC) determinations were carried out by a HACH DR5000 spectrophotometer.

Table 1. Studied textile dyes and name abbreviations used in this study.

Commercial

Code Structural formulae textile name Amax / NM
(|3(CH3)2

4C—CH=N—N4@7OCH3 Sandocryl

BY28 ll\u | Gold 450
CHs
CHy Yellow
CH4S0,
N5—303—0-02H4-SOZ©N:N SO;5Na”
o)
Reactive

RB5 HzN Black 5 600

Nax*—soa—o—ch;sog—@—N:N 'SOzNa~

Results and discussion

Electrochemical decolorization of the azo dye RB5 by cyclic voltammetry

The electrochemical decolorization of the RB5 dye was studied in 0.1 M KOH
medium by cyclic voltammetry and bulk electrolysis at different cathodic
potential values. Fig. 1 shows the potentiodynamic behavior of the Ni-PVC and
Ni-foil electrodes in solution containing 20 ppm of the dye RB5 in 0.1 M KOH at
a scan rate of 30 mV s at different cathodic potentials. From Fig. la it can be
seen that in 0.1 M KOH the water decomposition on Ni-PVC begins at potentials
greater than -1.0 V and that in the presence of 20 ppm of the dye RB5 no
reductive current appears in the range from 0 to -1.0 V. However, at the Ni-foil
electrode the electrochemical generation of adsorbed hydrogen becomes faster at
less cathodic potentials (Fig. 1c). The last is due to the different surface
composition, morphology and structure of Ni-PVC and Ni-foil as it has been
reported earlier [34].

The voltammograms of a 20 ppm RB5 dye solution recorded with Ni-PVC and
Ni-foil at high cathodic potentials are presented in Fig. 1b and 1d. These
voltammograms indicate that water decomposition begins at more cathodic
potentials, greater than -1.0 V on Ni-PVC and that no reductive current peak
appears at high cathodic potentials when 20 ppm of the dye RB5 is present.
However, after repetitive cycling voltammetry (30 cycles) in the potential range
from 0 to -1.5 V, the decolorization of the RB5 dye solution occurs. These results
demonstrated that the dye RB5 could be degradated at Ni electrodes. A more
detailed study of the cathodic decolorization of the RB5 solution was carried out
by bulk electrolysis in an undivided electrolytic cell.
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Figure 1. Cyclic Voltammograms of Ni-PVC (a and b) and Ni-Foil (c and d) electrodes
in 0.1 M KOH (—) and in 20 ppm of RB5 dye solution (----). Scan rate 30 mVs™.

Potentiostatic electrolysis of RBS dye solution

The potentiostatic decolorization experiments performed with a 80 ppm RBS5 dye
solution in 0.1 M KOH at different cathodic potentials showed that the color of
the solution gradually diminished with the increase in the cathodic potential. The
absorption spectra measured at four different cathodic potentials during 120 min

electrolysis at the Ni-PVC electrode are presented in Fig. 2.
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Figure 2. Absorption spectra recorded during the cathodic reduction of RBS5 as a
function of applied potential. Concentration of the dye: 80 ppm. Electrolysis time: 120

min.
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These results showed that the absorbance of the RB5 dye solution at 309 and 600
nm decreased significantly during the cathodic electrolysis at -0.7 V. At this
potential (near to the potential value at open circuit: -0.55 V) the molecular
hydrogen evolution on the Ni-PVC surface was not observed. The color removal
efficiency was 54 % (Fig. 3). At a more cathodic potential, for example at -1.0 V,
the absorbance at 600 nm was suppressed and a new absorption band at 511 nm
appeared (Fig.2). This indicated that new species were formed, which can be
attributed to the formation of bis-hydrazo forms, prior to the cleavage of the N-N
bond [15-16, 24-25, 30]. At this potential the color removal efficiency was 90 %
(Fig. 3) and no generation of hydrogen bubbles was observed on the Ni-PVC
surface.
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Figure 3. Effect of the applied potential on color removal efficiency of a 80 ppm RB5
dye solution using Ni-PVC as electrode. Electrolysis time: 120 min.

At potentials greater than -1.5 V, the full cleavage of hydrazo group was
accomplished. We confirmed the last by IR spectroscopy and it agrees with the
literature reports [15, 18, 24]. During the electrolysis at different cathodic
potentials (in the range from -0.7 to -1.0 V) the cathodic current density (i) was
lower in presence of 80 ppm of the dye RB5 in comparison with the i obtained
without RB5 in the solution. It indicated that on the Ni-PVC surface, the RB5
dye was absorbed and that the decolorization occurred by a direct cathodic
electron transfer. The overall reaction scheme for the direct cathodic reduction of
azo groups reported in the literature [15-18, 20-21, 30-31, 46] is shown in
reactions 1 and 2:
~N=N- + 2¢° + 2H S -NH-NH- (1)

~NH-NH- + 2¢ + 2H" S5 -NH, + H,N- )

However, it is known that nickel metal is a catalytic metal. For this reason we
considered that the Ni-PVC composite material could work both as an electrode
(to generate the hydrogen) and as a catalyst in the electrocatalytic hydrogenation
(ECH) at high cathodic potentials. Thus, the decolorization of the RB5 dye
solution on a Ni-PVC electrode at a high cathodic potential in the concentration
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range from 20 to 80 ppm in 0.1 M KOH was studied in this context. Fig. 4 shows
typical absorption spectra before and after the decolorization reaction of a 20
ppm RBS5 solution for different electrolysis times at -3.0 V using Ni-PVC as
working electrode. From Fig. 4 it can be seen that the absorbance of the peaks at
319 and 600 nm decreased considerably after 30 min electrolysis. The rapid
disappearance of the 600 nm absorption band in Fig. 4 suggests that the
chromophore responsible for the characteristic color of the RB5 azo dye is
breaking down.

i 0.5

r 04
“r 03

1T 0.2
T 0.1
=20

Absorbance / ay

Figure 4. Absorption spectra recorded during the cathodic reduction of RB5 as a
function of electrolysis time. Concentration of the dye: 20 ppm. Applied potential: -3V.

The dependence of the color removal efficiency with electrolysis time (Fig. 5)
revealed that the decolorization efficiency increased until 100% with the
increment of the electrolysis time and practically 60 min were sufficient for full
color removal. However, the absorbance values of the band at 319 nm of the RB5
dye solution did not decrease anymore with electrolysis time. It was a clear
indication of the presence of an aromatic compound represented by the
naphthalene ring system. In the case of a more concentrated RB5 dye solution (80
ppm), the 100 % removal efficiency was obtained after 120 min electrolysis at the
same high cathodic potential of -3 V. The COD removal was 8%, while the TOC
decreased 18% after 180 min electrolysis of the 20 ppm RB5 dye solution. It
indicates that at high cathodic potentials, only the decolorization of the solution
occurred. However, these results showed that the decolorization can be achieved
on a Ni-PVC electrode without addition of chemicals, an interesting fact in regard
to minimizing chemical consumption in wastewater treatment. Since at high
cathodic potentials chemisorbed hydrogen is generated at the Ni-PVC electrode
surface by electrolysis of water, we considered the possibility of achieving the
decolorization by a cathodic electron transfer according to the reactions 1 and 2
and by ECH. The decolorization achieved by electron transfer and by ECH of azo
dyes has already been described [38-47].
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Figure 5. Effect of electrolysis time on color removal efficiency of 20 ppm RBS5 dye
solution. Applied potential: -3V.

In the case of decolorization by ECH, we considered that the active hydrogen
species can lead to the rupture of azo-bonds accompanied by an adsorption step
[29, 39-41, 43, 44, 47].

H,0'H,0) + e S H, + H,O0OH) (3)
~N=N-(ads) + 2H, S —-NH-NH-(ads) (4)
~NH-NH-(ads) 5 -NH-NH- (5)

The electrocatalytic hydrogenation involves the electrochemical reduction of
water to produce adsorbed hydrogen (reaction 3) that chemically reacts with an
adsorbed azo compound (reactions 4 and 5) on the low hydrogen overpotential
catalyst surface. In our case, the composite Ni-PVC can be considered as a
catalyst (with high surface active area), coexisting on the hydrophobic surface
(films of polymer PVC) and on hydrophilic sites (nickel oxides). The former may
favor the adsorption of the dye and the last, the adsorption of hydrogen. For this
reason, we consider that the catalyst Ni-PVC composite served both as an
electrode generating hydrogen and as a hydrogenation catalyst (reactions 3-5)
according to the following steps (reactions 6-8):

Heyrovsky step
H,0*H,0) + e + Ni S NiH_, + HO (6)
Tafel step
H,0*(H,0) + NH, + e S Ni + H, + H,0 (7
2NiH,, S 2Ni + H, (8)
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Electrochemical degradation of the BY28

While the RB5 dye solution was decolorized at cathodic potentials, the BY28 did
not exhibit color fate at concentrations greater than 150 ppm. For this reason, the
BY28 was treated anodically on Ni-PVC and on Co-PVC electrodes. In this
paper we only report the results obtained with Co-PVC. The electrochemical
oxidation of dye BY28 on a Co-PVC electrode was studied by cyclic
voltammetry and under anodic potentiostatic conditions.

Cyclic voltammetric studies showed that the dye BY28 was oxidized on a Co-
PVC electrode at potentials more anodic than -0.56 V. The last value corresponds
to the potential at open circuit (after 5 min) of 15 ppm of the BY28 dye solution
in phosphate buffer pH 5.1. Typical potentiodynamic curves obtained for the 15
ppm BY28 dye in the potential range from -0.5 to 3.0 V are shown in Fig. 6.
Figure 6 (A and B) shows that in the first and second cycles the oxidation of the
BY28 dye started at -0.5 V. However, in the subsequent cycles (Fig. 6C) the
BY28 dye was oxidized at potentials greater than 1.3 V. This can be due to the
gradual accumulation of Co oxides or of the corresponding oxidation products on
the electrode surface. Nevertheless, with the repetitive cycling voltammetry, the
decolorization of the BY28 dye solution occurred. Fig. 7 shows the typical
absorption spectra before and after long time cycling of 15 ppm of the dye BY28.
This spectrometric study demonstrated that the degradation process induced a
rapid decolorization of the BY28 in the first 6 cycles (Fig.7).
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Figure 6. Potentiodynamic profiles obtained on a Co-PVC electrode in phosphate
buffer pH 5.1 (a) and in presence of 15 ppm of the dye BY28 (b). (A): 1 cycle, (B): 2
cycles and (C): 6-10 cycles. Sweep rate: 30 mV s™. E vs. Ag/AgCL.

The color removal efficiency after 6 cycles was 90 %, and 97 % after 18 cycles.
In agreement with the IR spectroscopy studies, the disappearance of the band at
1330 cm™ (C-N stretching) indicated the degradation of the dye. However, the
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final COD and TOC conversion decreased mildly, about 10 % and 23 %,
respectively. In experiments performed in phosphate buffer at pH 5.1 without the
dye BY28, the formation of a pink precipitate in the cell and on the electrode
surface was observed.
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Figure 7. UV-visible spectrum of the 15 ppm BY28 dye solution before RCV (a), after
6 cycles (b) and after 18 cycles (c).

The formation of the precipitate was due to the corrosion of the Co-PVC
electrode during the anodic scan in the potential range from -0.5 to 3.0 V.
According to the spectroscopy study by diffuse reflectancy, the pink precipitate
could be assigned to cobalt phosphate.

With the aim to prevent corrosion and to promote the degradation of the Co-PVC
electrode, the study of the decolorization of the BY28 dye solutions was
performed at not high anodic potentials (at potentials more anodic that the value
of the potential at open circuit: -0.560 V) under potentiostatic conditions in flow
regime. The variation of the current density as a function of electrolysis time for
15 ppm of BY28 at different potentials is shown in Fig.8. From this dependence
it can be seen that the anodic current density increased when the bulk electrolysis
was carried out at more anodic potentials.

The charge associated with the oxidation process and the color removal
efficiency for different potentials and electrolysis time is reported in Table 2.
These data show that the decolorization of 15 ppm of the BY28 dye solution
occurred in the potential range from -0.3 to 1.0 V and that the color removal
depended on the time of the bulk electrolysis. The COD and TOC studies
revealed that, under these conditions only the decolorization but not the
mineralization was possible. IR spectroscopy studies supporting the identification
of degradation products together with the kinetics monitored by HPLC will be
reported in another publication.
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Figure 8. Current-time dependence of phosphate buffer pH 5.1 (a) and of 15 ppm BY28
dye in phosphate buffer pH 5.1 on Co-PVC electrodes at constant potentials of: -0.3 V
(b), +0.5 V (¢), +1.0 V (d).

Table 2. Total charge (Q) and percentage of color removal efficiency (at Adpax = 439
nm) for the 15 ppm BY28 dye solution electrolyzed at different constant potentials
during 200 and 40 minutes.

t/min E/mV  Q/Ccm”  Color removal efficiency/%
200 -300 13.5 100
+500 18.0 88
+1000 26.5 99
40 -300 3.8 62
+500 4.2 67
+1000 10.2 88
Conclusions

Studies by means of UV-Visible spectroscopy demonstrated that the
transformation of the RB5 and BY28 dyes by means of RCVs or across a
cathodic and anodic polarization at constant potential on metal-polymer
electrodes is possible. For 20 to 80 ppm of RB5, more than 98 % of the color was
removed after cathodic treatment at -3.0 V during 60 min. The color was totally
removed by cathodic reduction in basic medium on a Ni-PVC electrode.
Electrocatalytic hydrogenation of RB5 model solutions was achieved by a Ni-
PVC composite electrode. The decolorization increased with a subsequent
application of a cathodic potential and increasing the electrolysis time. The
composite Co-PVC can be used as electrode for the anodic decolorization of the
model BY28 dye solution in phosphate buffer solution pH 5.1. For 15 ppm of the
dye BY28, 6-10 cycles or low potentials (-300) mV and 200 min electrolysis
were sufficient for the decolorization of the solution. The COD and TOC values
did not decrease after anodic electroysis of the dyes RB5 and BY28.
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